Morphogenesis of herpesviral virions is initiated in the nucleus but completed in the cytoplasm.
| INTRODUCTION
The family of herpesviruses can be divided into the three subfamilies alpha-, beta-and gamma-herpesviruses based on characteristics such as cell tropism, pathogenicity and the site of latency.
Herpes simplex virus type 1 (HSV1), a member of the alphaherpesvirus subfamily, causes recurrent facial lesions or encephalitis. Epstein-Barr virus (EBV) that causes infectious mononucleosis and diverse lymphoproliferative disorders is a member of the gamma-herpesviruses.
Morphogenesis of herpesviral virions is initiated in the host
nucleus by packaging of the viral genomes into capsids but is completed at cytoplasmic membranes with the secondary envelopment of the capsids. Nuclear capsids seem to associate with several partially characterized tegument proteins, 1, 2 final tegumentation, however, occurs during secondary envelopment. HSV1 virions released to the extracellular milieu contain more than 25 tegument proteins 1 Christina Funk, Verena Raschbichler and Diana Lieber should be considered joint first authors.
( Table 1 ). These are expected to perform dual roles during herpesviral infection, structural ones in the viral particle and regulatory ones by modulating viral and/or cellular functions. This includes several well-known transcriptionally active proteins released by the incoming virion. A prominent example is pUL48/VP16 that activates immediate early genes. 3 ICP0, another tegument protein that performs various functions during the herpesviral life cycle, is transcriptionally active during the immediate early, early and late stage of viral replication (Reference 4 and references therein). Comprehensive analysis revealed the active nuclear import of many tegument proteins independent of other viral partners 5, 6 (our unpublished data). Active export of viral proteins from the nucleus to the cytoplasm, however, has in general received little attention. HSV tegument proteins proposed to shuttle include pUL37/ICP32, 7 VP13/14/pUL47 ( 8 and references therein), ICP34.5/RL1, 9 pUL41/ vhs 10 ) and pUL4, 11, 12 even less is known about nuclear export of EBV proteins. Overall, the functional relevance of nucleocytoplasmic shuttling of individual herpesviral proteins remains to be explored.
Selective and active nucleo-cytoplasmic exchange of proteins is mediated by soluble transport receptors of the importin β-family (also called importins/exportins or karyopherins; 13 ). Several protein sequences have been identified that mediate recognition of the cargo by transport factors. Nuclear import is often mediated by nuclear import signals including the "classical" SV40 large tumor antigen (SV40TAg)-like nuclear localization signal (NLS), and the bipartite NLS consisting of two stretches of basic residues. 14 Nuclear export of proteins is primarily mediated by a leucine-rich nuclear export signal (NES). Consensus sequences have been deduced for basic monoand bipartite NLSs recognized by the importin-α/β heterodimer, 14 for signals recognized by four other import factors of the importin β family 15 and for leucine-rich NESs. [16] [17] [18] While NLSs with basic stretches can be identified with high confidence based on consensus sequences, prediction of a functional NES using bioinformatic tools is difficult and often results in false positives and false negatives. [19] [20] [21] [22] [23] Therefore, the export activity of a protein needs to be determined experimentally, in vivo and in the context of the folded protein, and predicted NESs require experimental confirmation.
To analyze nuclear export of proteins, we previously established the NEX-TRAP assay (Nuclear EXport Trapped by RAPamycin 12 ).
Here, a protein X to be tested for nuclear export is fused to EYFP for visualization, to the classical SV40 NLS for constitutive nuclear import and to the FK506-Rapamycin (FR)-binding domain (FRB) for Comprehensive analysis of nuclear export activity of Herpes simplex virus type 1 (HSV1) tegument proteins. To determine the nuclear export activity of 22 HSV1 tegument proteins, 1 the Nuclear EXport Trapped by RAPamycin (NEX-TRAP) assay was performed. HeLa cells were transiently co-transfected with the plasmid encoding gM-FKBP and one plasmid of a collection of EYFP-NLS-FRB-tagged tegument proteins. Following incubation of the cells with anisomycin and rapamycin, cells were analyzed by indirect immunofluorescence using rabbit anti-gM antibodies followed by secondary reagents. EYFP-tagged proteins were visualized directly. Nuclei were visualized by Dapi staining. The bar corresponds to 10 μm. Nuclei are marked by dashed lines 2 | RESULTS
| Comprehensive analysis of nuclear export of HSV1 tegument proteins
To comprehensively analyze the nuclear export activity of the HSV1 tegument proteins, the previously established NEX-TRAP assay was applied. 12 With exception of RL1, RL2 and RS1, all tegument proteins could be cloned as N-terminal fusions with EYFP-NLS-FRB and were transiently co-expressed with the reporter protein gM-FKBP in HeLa cells. All proteins were expressed in full length except for pUL36a (aa 1-1000), pUL36b (aa 1001-2000), UL37d11
(aa 12-1124), UL46a (aa 1-336) and UL46b (aa 337-719). Twenty hours following transfection of the dual vector system encoding these proteins, the transfected cells were either incubated with Rapamycin or left untreated. In absence of Rapamycin, most EYFP-NLS-FRB fusion proteins were located to the nucleus while gM-FKBP was accumulated at the TGN (Figure 1 
| Validation of the nuclear export activity of HSV1 tegument proteins
Active transport of most proteins from the nucleus to the cytoplasm is mediated by the transport factor CRM1/Xpo1 and inhibited in presence of Leptomycin B. To determine the native subcellular distribution of all HSV1 tegument proteins and to All tegument proteins including the nine that showed nuclear export activity in the NEX-TRAP assay were analyzed for their response to Leptomycin B ( Figure 2B ; Figure S1A ). Myc-tagged pUL4, 12 pUL11, pUL13, pUL21 and pUL37d11 showed sensitivity to Leptomycin B consistent with the NEX-TRAP results ( Figure 2B ; Figure S1B ). pUL7, pUL47, pUL48 and pUS10 that had shown export activity using the NEX-TRAP were exclusively localized in the nucleus precluding further nuclear retention ( Figure 2B ; Figure S1B ). pUL49
and pUS2 were non-responsive to Leptomycin B ( Figure 2B ; Figure S1B ). In all other cases, the response to Leptomycin B was ambiguous potentially by indirectly influencing the host nuclear export ( Figure 2B ; Figure S1B ). Together these data revealed that the five tegument proteins pUL4, 12 pUL11, pUL13, pUL21 and pUL37d11 actively shuttle between nucleus and cytoplasm in a CRM1/ Xpo1-dependent fashion consistent with the presence of a functional leucine-rich NES. FIGURE 3 Identification of nuclear export sequences within the Herpes simplex virus type 1 (HSV1) tegument proteins. A, NES sequences identified by bioinformatic prediction 23, 26, 27 were compared to the PKI NES or Rev NES and their consensus sequences. B, Identified NES sequences were mutagenized using site-directed mutagenesis. To determine the nuclear export activity of wild-type and NES mutant proteins, the Nuclear EXport Trapped by RAPamycin (NEX-TRAP) was performed. HeLa cells were cotransfected for 20 hours with the plasmid pCR3-N-HA-UL10/gM-FKBP and a pEYFP-NLS-FRB plasmid encoding one of the analyzed HSV1 tegument proteins or mutants thereof. Following incubation of the cells with anisomycin and rapamycin, cells were analyzed by indirect immunofluorescence using rabbit anti-gM antibodies and secondary reagents. EYFP-tagged proteins were visualized directly. Nuclei were visualized by Dapi staining. 23 ) was applied and revealed that-with few exceptions-most HSV1 tegument proteins are predicted to contain numerous leucine-rich NESs varying in score ( Table 2) . Each of the NESs previously predicted within pUL4, 12 pUL13, pUL21, pUL37d11, pUL47 and pUL48 using the NES pattern or NetNES algorithm was also identified by LocNES with a score >0.200, with the exception of the NES of pUL21 that had a rather low score of 0.077. Their comparison to the consensus sequences of the prototypic Rev and PKI NES ( Figure 3A )
showed that the NESs of pUL4, 12 pUL21, pUL37d11, pUL47 and pUL48 all match the PKI NES and follow the consensus
In contrast, the NES of pUL13 is characterized by two prolines at the N-terminal end of LPPELKPLLVL reminiscent of a Rev NES and matches the consensus Ф 0 Ф 1 xФ 2 (x) 2 Ф 3 xФ 4 with Ф 1 = P >> L ( Figure 3A ). Furthermore, based on in silico analysis and structural data, most of the identified NESs are located in disordered and partial-folded regions consistent with their accessibility to CRM1/ Xpo1 and thus their functionality 17 (Table S1 ). Together, the prediction of these NESs by at least two bioinformatic tools, their match with the NES consensus sequence of the PKI or Rev NES as well as their presence in disordered regions strongly suggested that they are functional.
| Verification of NESs within HSV1 tegument proteins
To verify the NES sequences identified in pUL4, 12 pUL13, pUL21, pUL37d11, pUL47 and pUL48 using bioinformatic predictions, they were individually mutated by replacing the three last consensus residues (Ф) to alanines (eg, Lx 2-3 Lx 2 LxL to Lx 2-3 Ax 2 AxA; Table 2 ). To compare the nuclear export activity of the NES mutant and wild-type proteins, the NEX-TRAP assay was again applied ( Figure 3B ). Upon addition of Rapamycin, all wild-type proteins were recruited to the TGN confirming the previous results ( Figure 3B 
| Nuclear export activity of EBV tegument proteins
In order to test whether orthologous tegument proteins share the ability to shuttle between nucleus and cytoplasm, EBV orthologs of actively exported HSV1 tegument proteins were included in the study.
EBV was chosen as a representative of a different herpesvirus subfamily that has a similar coding capacity as HSV1. Out of the nine exported HSV1 proteins, five are evolutionarily conserved (Table 1) . Known orthologs in EBV 28, 29 (Table 1) include pUL7 (pBBRF2), pUL11
(pBBLF1), pUL13 (pBGLF4), pUL21 (pBTRF1) and pUL37 (pBOLF1). All of these EBV proteins (except for pBOLF1 that was not tested in this study) were previously reported to show nuclear as well as cytoplasmic localization 5 which is in agreement with nucleo-cytoplasmic trafficking.
In the NEX-TRAP assay, pBBRF2 (pUL7) localized to both the nucleus and the cytoplasm prior to addition of Rapamycin, and pBBLF1 (pUL11) was localized to defined spots within the cytoplasm ( Figure S2 ). Since these proteins could not be forced into the nucleus by the SV40-NLS, their nucleo-cytoplasmic shuttling cannot be determined by NEX-TRAP Thus, unlike its HSV1 ortholog pUL13, pBGLF4 did not show any export activity, while pBTRF1 appears to be actively exported from the nucleus as is its HSV1 ortholog pUL21.
Next, nuclear export was analyzed for EBV orthologs pBGLF3, pBGLF2 and pBLLF3 of three non-exported HSV1 tegument proteins:
pUL14, pUL16 and pUL50, respectively ( Figure 1 , Table 1 ). These Figure 4A ). Thus, pBGLF3 is exported from the nucleus in contrast to its non-exported HSV1 ortholog pUL14.
To identify putative NESs in the EBV tegument proteins, three bioinformatic tools used for prediction of NESs within HSV1 tegument proteins were applied (Table 3) . 23, 26, 27 As expected based on the HSV1 analysis, the LocNES identified numerous potential NESs in essentially each EBV tegument protein (Table 3 ). In contrast, the NES pattern (but not the NetNES), revealed NESs within 10 tegument proteins. For both pBGLF3 and pBTRF1, that had shown export activity upon NEX-TRAP analysis, a candidate NES could be identified using two bioinformatics tools, that in either case scored lowest of all NESs predicted by LocNES (Table 3 ). The putative NES of pBGLF3 matches the PKI NES (consensus Ф 0 (x) 2 Ф 1 (x) 3 Ф 2 (x) 2-3 Ф 3 xФ 4 ) while the putative pBTRF1 NES matches the consensus of the Rev NES (Ф 0 Ф 1 xФ 2 (x) 2 Ф 3 xФ 4 ; Figure 4B ; Table 3 ). In conclusion, putative NESs that resemble known functional NESs could be identified in both exported EBV proteins combining experimental data with at least two bioinformatic prediction algorithms.
Taken together, nuclear export activity of tegument proteins is only partially conserved between HSV1 and EBV.
| Comparative analysis of nucleo-cytoplasmic trafficking of HSV1 and EBV proteins
Bioinformatic prediction of NESs is thought to be difficult due to a high degree of variability regarding the identity and spacing of Figure 5A ). The NES pattern analysis 26 identified a leucinerich NES within eight HSV1 proteins. In contrast, only three proteins (pUL4, pUL55, pUS10) were predicted to contain a NES using the NetNES algorithm (Table 2; Figure 5A ). No overlap exists between the NES pattern and the NetNES. HSV1 proteins shown to actively shuttle between nucleus and cytoplasm using the NEX-TRAP were present in each of the three groups of predictions but more frequent in the NES pattern prediction 26 (Table 2 ; Figure 5A, bold) .
Similarly, all EBV tegument proteins were systematically analyzed using nuclear export prediction tools (Table 3 ; Figure 5B ). The NES pattern identified a NES in 10 of the investigated proteins, while no prediction was achieved using NetNES. Using the LocNES, NESs were predicted in most EBV tegument proteins sometimes with rather low scores (Table 3) , like for pBBLF1 (pUL11), pBSRF1, pBKRF4 and pBGLF2. In the remaining 17 EBV proteins, LocNES predicted at least FIGURE 6 The pUL48/VP16 NES is important for Herpes simplex virus type 1 (HSV1) replication. A, Grafical depiction of pUL48/VP16 with the wild-type and mutant 221-NES-232 compared to the PKI NES consensus sequence. B, Structural representation of the pUL48/VP16-NES in complex with CRM1 based on the structural model of the Snurportin 1-NES. C, A schematic diagram of the pHSV1(17+)Lox genome as well as the strategy to replace the UL48 coding region with the galK-kan selection cassette resulting in Lox-ΔUL48/galk-kan is depicted. The galK-kan cassette was replaced by the wt or NES mt UL48 sequence. D, The ability of the pHSV1(17+)Lox-UL48 wild-type or mutant to form plaques was tested by transfecting Vero cells with BAC DNA and scoring cytopathic effects at 3 days post transfection. To visualize transfected cells, indirect immunofluorescence analysis using anti-ICP0 antibodies followed by Alexa 555-conjugated secondary antibodies was performed. Insets contain magnifications of individual ICP0-positive cells. The scale bar corresponds to 50 μm one NES with a score >0.200 (Table 3 ). For both EBV tegument proteins exported in the NEX-TRAP assay, a NES was identified by two prediction tools, the NES pattern and the LocNES. The NES predicted for pBGLF3 had a low LocNES score of 0.163 while that of pBTRF1 achieved a high score of 0.314 (Table 3 , bold; Figure 5B , bold).
pBGLF2 that was not exported in the NEX-TRAP assay and pBBLF1 that was excluded from the nucleus reached only poor scores or no NES prediction, respectively ( Figure S2 ). Together, this suggests that the score level may indicate the level of confidence in the prediction, however, a second prediction tool like the NES pattern 26 (Figure 5B ) strongly facilitates the identification of candidate NESs for further validation. Thus, bioinformatic prediction of nuclear export activity appears to be insufficient and there is still an essential need for experimental validation of predicted NESs by a suitable assay such as the NEX-TRAP assay.
| Functional characterization of the nuclear export activity of pUL48/VP16
The nuclear export activity of the HSV1 tegument protein pUL48/ VP16, an essential protein involved in immediate early transcriptional activation (Reference 3; and references therein), was analyzed in more detail. The identified NES of pUL48/VP16 is located between residues 221 to 232 ( Figure 6A ). To reveal the conformation of the pUL48/ VP16 NES upon binding to the CRM1/Xpo1 groove, a structural representation was performed based on the model of the Snurportin 1-NES in complex with CRM1 (PDB ID 3NBY 30 ). As expected for a NES with a PKI-like consensus sequence, the pUL48/VP16 NES is mostly α-helical ( Figure 6B ).
To analyze the function of the pUL48/VP16 NES in the context of an HSV1 infection, we generated the BAC mutant pHSV1(17+)Lox-UL48-NES where the pUL48/VP16 wild-type NES TARLARVLFLHLYL was replaced by the NES mutant sequence TARLARVLFAHAYA ( Figure 6A , C; Table 2 ). A rescue mutant was generated for pHSV1(17 Figure 6D ), suggesting that the leucine-rich NES of pUL48/VP16 and thus nuclear export represents an important feature of this protein.
| DISCUSSION
Using the previously established NEX-TRAP assay, we performed a comprehensive analysis of nuclear export activity within HSV1 tegument proteins packed into HSV1 virions. 1 Only few HSV1 proteins including RL1, RL2, RS1, as well as the pUL36 middle and C-terminal region remained uncovered. Out of 22 tegument proteins analyzed (Reference 12; this data), 9 exhibited nuclear export activity, 5 of which (pUL7, pUL11, pUL13, pUL21, pUL37) are evolutionarily conserved (Table 1) . Nuclear export activity was confirmed within HSV1 pUL4 11, 12 and HSV1 VP13/14/pUL47 (Reference 8 and references therein), and newly identified within HSV1 pUL37d11 confirming data in HSV2. 7 Based on our results, we suggest a sequence of approaches to generally identify and characterize the nuclear export of proteins:
(a) determine nuclear export activity by using the NEX-TRAP, and/or another experimental approach, (b) identify a potential NES by an overlap of at least two different in silico prediction tools and (c) mutationally analyze the predicted NES in the context of the fulllength protein and experimentally verify the loss of nuclear export. As shown here, this approach allowed us to determine nuclear export activity within pUL4, pUL13, pUL21, pUL37d11, pUL47 and pUL48.
Furthermore, targeted mutagenesis of each of the bioinformatically predicted NESs abolished nuclear export of the respective full-length protein. One should, however, keep in mind that mutating hydrophobic residues of a putative NES may disrupt the overall conformation of a given protein thereby disrupting various functions including the binding to a partner protein that may be critical for indirect nuclear export. To avoid the misidentification of NESs as previously reported, 24, 32, 33 further validation is important. To this end, the ability of a peptide NES to mediate nuclear export of an unrelated protein, and to bind CRM1/Xpo1 in a Ran-GTP-dependent manner can be tested.
The NESs identified within pUL4 11, 12 and pUL37d11 7 match the previously identified signal sequence. An interesting discrepancy was observed for pUL47 (Reference 8; and references therein). Both datasets agree that pUL47 shuttles between nucleus and cytoplasm in a CRM1/Xpo1-dependent manner using a leucine-rich NES. However, two different peptides both matching the PKI consensus NES were found responsible for active nuclear export. The NES between residues 647 and 670 was identified to mediate nuclear export of a fragment of pUL47 while at the same time, the NES between residues 282 and 296 identified by our study remained undiscovered. 8 One explanation of this discrepancy is the fragmentation of pUL47 with each fragment hooked up to GFP-SV40-NLS. 8 The strong SV40-NLS may have led to a predominantly nuclear localization of the NES (282-296) fusion protein masking its potential nuclear export activity.
The NES identified by our study, however, is responsible for pUL47 nuclear export in the protein context and its targeted mutagenesis abrogated nuclear export of the full-length pUL47. Most interestingly, the previous study showed that nuclear export of pUL47 occurs in the viral context. 8 Thus, with the single NES identified by our study, the functional significance of pUL47 nuclear export can now be determined by targeted mutagenesis of the NES in the viral context.
Analysis of this large group of viral tegument proteins demon-
strates the value and applicability of the recently established NEX-TRAP assay. 12 This assay clearly simplifies and allows for the in vivo detection of nuclear export of proteins in their native conformation. A prerequisite of this assay is the constitutive nuclear import of proteins to be analyzed making nuclear export activity of proteins independent of their intrinsic nuclear import activity. Thus, proteins located in both the cytoplasm and nucleus, for example, due to cytoplasmic retention are poorly suited for NEX-TRAP analysis. This is the case for HSV1 vhs/pUL41 previously reported to contain export activity. 10 Therefore, pUS3 that contains two potential NESs with high scores ( In order to examine to what extent the nuclear export activity of herpesviral tegument proteins is conserved, EBV orthologs of HSV1 proteins analyzed with the NEX-TRAP assay were tested. pBGLF2 and pBLLF3 fusion proteins and their HSV1 orthologs maintained nuclear localization in presence of Rapamycin. Both pBLLF3 and its HSV1 ortholog pUL50 were predicted to have a NES based on NES pattern. 26 Both proteins were reported previously to be functional dUTPases, [35] [36] [37] additionally the EBV dUTPase was shown to be localized predominantly to the nucleus. 38, 39 Thus, the NEX-TRAP result suggesting that pUL50 and pBLLF3 are not actively exported from the nucleus is plausible and in agreement with a nuclear function and with the pre-existing data. We found two EBV tegument proteins to be exported from the nucleus in the NEX-TRAP assay. The nuclear export of pBGLF3 was in contrast to its non-exported HSV1 ortholog pUL14. In the study by Reference 5, pBGLF3 was localized both in the nucleus and in the cytoplasm which is in line with our data. To our knowledge, the functional data available for pBGLF3 is limited to a report suggesting a role in late viral gene regulation. 40 It remains to be seen how nucleo-cytoplasmic shuttling contributes to this protein's function. The second exported EBV protein, pBTRF1 and its HSV1 ortholog pUL21 were localized in both nucleus and cytoplasm, 5 and both were found to be actively exported in the NEX-TRAP assay.
Although the functional NES in HSV1 pUL21 rather resembles the PKI NES and lacks prolines, it shares the overall structure with its EBV ortholog pBTRF1, that can be expressed by the Rev NES consensus Ф 0 Ф 1 xФ 2 (x) 2 Ф 3 xФ 4 . Altogether, the capacity for nucleo-cytoplasmic shuttling appears to be only partially conserved in orthologous tegument proteins of HSV1 and EBV. This emphasizes the need for experimental determination of the export activity of individual proteins, for example, by NEX-TRAP analysis.
One of the HSV1 tegument proteins was analyzed in more detail, VP16/pUL48, an essential protein that is part of the infectious particle and involved in immediate early transcriptional activation prior to viral gene expression (Reference 3; and references therein 
| NEX-TRAP assay
The NEX-TRAP was performed as reported. 12, 28 In detail, HeLa cells were cotransfected with two plasmids, one encoding pCR3-N-HA-UL10/gM-FKBP and a second one encoding an EYFP-NLS-FRB-Protein X. Following 20 hours of transfection, 50 μM Anisomycin was added to the cells. Following incubation for 15 minutes, Rapamycin was added at a concentration of 150 ng/mL. After incubation in presence of both Anisomycin and Rapamycin continued for 2 hours, the cells were processed for indirect immunofluorescence as described below. The plasmids encoding the tegument proteins were described before. 28 at room temperature. 41 The NEX-TRAP cargo protein was detected based on its fluorescent tag EYFP, the gM-FKBP protein was detected using polyclonal rabbit anti-gM antibodies (1:5000 in PBS) kindly provided by Thomas Mettenleiter. Anti-ICP0 antibodies were purchased from Santa Cruz Biotechnology, anti-VP16 (LP1), and anti-VP5 (8F5) monoclonal antibodies were kindly provided by Gill Elliott, and Jay Brown, respectively. Monoclonal anti-myc (9E10) antibodies were a gift of Jens von Einem. Goat anti-mouse antibodies coupled to Alexa555 (subtype IgG1 specific), Alexa 488 (subtype IgG3 specific) or Alexa633 (Invitrogen) or goat anti-rabbit antibodies coupled to Alexa555 or Alexa594 (Invitrogen) were used as secondary reagents.
Nuclei were stained by Dapi. Cells were examined using the Leica TCS SP5 or a Zeiss confocal laser scanning microscope, and recorded using the Leica Application Suite AF6000 or the ZEN Lite Software. Brightness and contrast of images were adjusted using Adobe Photoshop or
Corel Photo-Paint. The scale of images is indicated by bars (10 μm).
| BAC mutagenesis
HSV1 NES mutant and wild-type strains were engineered using the BAC pHSV1(17 + )lox and a modified version of the galK-based BAC recombineering. 42, 43 First, the UL48 locus encoding pUL48/VP16 was replaced by a galK-kan cassette, which was amplified using the pGPS-galK-kan plasmid and the primers UL48/gk ( 
| Bioinformatic prediction of NESs
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